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Simple Summary: This study aims to define and calculate several specimen parameters that would
allow to determine the surgical accuracy of breast-conserving surgeries (BCS) in a representative
population of patients. These specimen parameters included the ratio of specimen volume to tumor
volume with different optimum margin widths (edges containing healthy tissue) and the tumor
eccentricity, which is a measure for how centrally the tumor is located in the excised specimen. When
using a surgical margin width of 0 mm, 1 mm, 2 mm, and 10 mm, on average 19.16 (IQR 44.36),
9.94 (IQR 18.09), 6.06 (IQR 9.69) and 1.35 (IQR 1.78) times the ideal resection volume got excised,
respectively. The median tumor eccentricity was 11.29 mm (SD = 3.99) and the median relative tumor
eccentricity was 0.66 (SD = 2.22). These parameters could be used to compare surgical accuracy when
evaluating new technologies for intraoperative BCS guidance in the future.

Abstract: This study aims to evaluate several defined specimen parameters that would allow to
determine the surgical accuracy of breast-conserving surgeries (BCS) in a representative population
of patients. These specimen parameters could be used to compare surgical accuracy when using
novel technologies for intra-operative BCS guidance in the future. Different specimen parameters
were determined among 100 BCS patients, including the ratio of specimen volume to tumor volume
(resection ratio) with different optimal margin widths (0 mm, 1 mm, 2 mm, and 10 mm). Furthermore,
the tumor eccentricity [maximum tumor-margin distance − minimum tumor-margin distance] and
the relative tumor eccentricity [tumor eccentricity ÷ pathological tumor diameter] were determined.
Different patient subgroups were compared using Wilcoxon rank sum tests. When using a surgical
margin width of 0 mm, 1 mm, 2 mm, and 10 mm, on average, 19.16 (IQR 44.36), 9.94 (IQR 18.09),
6.06 (IQR 9.69) and 1.35 (IQR 1.78) times the ideal resection volume was excised, respectively. The
median tumor eccentricity among the entire patient population was 11.29 mm (SD = 3.99) and the
median relative tumor eccentricity was 0.66 (SD = 2.22). Resection ratios based on different optimal
margin widths (0 mm, 1 mm, 2 mm, and 10 mm) and the (relative) tumor eccentricity could be
valuable outcome measures to evaluate the surgical accuracy of novel technologies for intra-operative
BCS guidance.
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1. Introduction

Breast-conserving therapy (BCT), which involves breast-conserving surgery (BCS)
combined with adjuvant radiotherapy, is the treatment of choice for early-stage breast
cancer [1,2]. In case of a non-palpable breast tumor, a breast localization device is placed
within or adjacent to the tumor for the purpose of intra-operative guidance [3]. In cur-
rent surgical practice, various forms of localization techniques are being used, including
wire-guided localization (WGL) [4–6], radioactive localization (RSL or ROLL) [7–14], and
intra-operative ultrasound [15–17]. If the tumor is completely removed, BCS leads to
clinical outcomes equivalent to those of a mastectomy while preserving the breast, thereby
leading to a better cosmetic outcome. Nevertheless, various studies report an unsatisfactory
cosmetic outcome after BCS in up to 40% of patients [18–20]. An unsatisfactory cosmetic
outcome could influence psychosocial functioning and could lead to a decreased quality
of life [21–23]. These are significant health concerns, and therefore, factors that determine
cosmetic outcome should be of importance when determining the surgical accuracy of
breast-conserving surgeries. Overall, specimen volume is a statistically significant determi-
nant of cosmetic outcome [24–27]. It is important to mention here that modern oncoplasty
techniques allow to perform BCS even in patients with low breast volumes due to the
possibility of immediate tissue volume restoration using flap reconstruction. However,
specimen volume in relation to tumor volume remains a valuable outcome measure of the
surgical accuracy of BCS.

The value of this outcome measure becomes even more apparent in light of the increas-
ing number of technologies that are currently being investigated for the purpose of breast
tumor localization. These techniques include magnetic and paramagnetic localization
(Magseed [28–31], Sirius Pintuition [32,33], MOLLI [34], TAKUMI [35]), radiofrequency
reflector-based localization (SAVI SCOUT [36–38]), radiofrequency identification tags (LO-
Calizer [39–41]), EnVisio [42]), and stereotactic marking using a carbon suspension [43–45].
Due to the lack of solid evidence with regard to clinical effectiveness, none of these investi-
gated techniques have widespread adoption [46].

Overall, there is a lack of studies in which standardized, objective outcome mea-
sures are determined to evaluate the surgical accuracy of the mentioned novel techniques.
Among all studies on new technologies for intra-operative BCS guidance, only the study of
Zacharioudakis et al. focused on the tumor-to-specimen volume ratio in Magseed-guided
surgeries (N = 100) compared to WGL (N = 100) but found no significant differences be-
tween both groups. As mentioned earlier, specimen volume in relation to tumor volume
could be a valuable outcome measure for surgical accuracy.

A few studies have been published that focus on specimen volume in relation to tumor
volume among BCS patients [47–51]. These studies used the calculated resection ratio
(CRR) as an outcome parameter. The CRR is defined as the ratio of the specimen volume
to the optimal resection volume, which is the tumor volume with an added volume of an
arbitrarily chosen margin of healthy breast tissue [47–52]. An ideal BCS would yield a CRR
of 1.0, which means that the resected specimen volume is equal to the optimal resection
volume. All above-mentioned studies have considered a healthy margin of 10 mm, and the
reported median CRR in all studies was higher than 1.0. The included patients that varied
from only patients with palpable breast cancer, only patients with non-palpable breast
cancer, to patients with either type of breast cancer. Furthermore, the technique for guidance
during BCS differed in each study, and included wire localization, ultrasound guidance
and radio-guided occult lesion localization. Haloua et al. conducted the largest study, in
which they found a median CRR of 2.32 (SD 3.23) based on 9276 pathology excerpts in
a nationwide registry in the Netherlands [48]. These pathology excerpts originated from
patients who underwent BCS with either of the mentioned guidance methods, in the years
2012 and 2013 in the Netherlands [48]. The second largest study by Krekel et al. reported
a median CRR of 2.5 (range 0.01–42.93) among 726 patients, who underwent BCS from
2006 to 2009 in four institutions in the Netherlands [49]. The smallest median CRR (1.0)
among all studies was reported by Krekel et al. in a study on 30 patients, who underwent
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BCS with intra-operative guidance using ultrasonography. It is noteworthy to mention that
the last study had the smallest study population of all studies, and only included patients
with palpable breast cancer. Overall, the reported median CRR among all studies ranged
between 1.0 and 4.8 [47–52]. Stated differently, on average, up to 4.8 times the optimal
tissue volume was resected when considering a healthy margin of 10 mm as the optimum.
Although most of the mentioned studies have used clear study methods to evaluate the
CRR among large BCS patient populations [48,49,51,52], there are some limitations in the
methods, which require further investigation.

One limitation is that all studies used an optimal resection volume based on an added
margin of 10 mm since such a margin width is considered to be surgically feasible [47–52].
However, various studies have found that a resection margin of 1 mm [53–55] or 2 mm [56,57]
would lead to positive clinical outcomes, and wider margins are not necessary. None of the
studies considered an optimal resection volume based on a margin of 1 mm or 2 mm, which
would yield optimal clinical and cosmetic outcomes, and therefore would be a more relevant
margin width for determining surgical accuracy.

Furthermore, all studies excluded patients with ductal carcinoma in situ (DCIS),
patients with invasive carcinoma of no special type (IC NST) combined with DCIS and
patients with multifocal disease. However, it is important to investigate the surgical
accuracy in these patient groups since they form a substantial part of the total group of
BCS patients, and their lesions could be fairly more complex to excise. Additionally, the
studies excluded patients with neoadjuvant systemic therapy (NST). The surgeries of these
patients could also be complex since it could be challenging for surgeons to predict the
tumor response and estimate the amount of tissue that needs to be resected. The response
to treatment in patients with NST is usually monitored before surgery using magnetic
resonance imaging (MRI), mammography, or ultrasound (US) imaging [58]. However, the
assessment of tumor response based on any of these imaging modalities is not entirely
concordant with the tumor response assessed at pathological evaluation. Lastly, it is
important to note that the aforementioned groups were most probably excluded from all
studies because calculating resection ratios for these patients would have been challenging,
given the inability to assume a spheroid shape for these lesions.

Another limitation of all studies is that the researchers either derived the specimen
volume from the specimen weight or assumed that the specimen volume was a sphere
or ellipsoid with a radius equal to half the maximum specimen diameter mentioned in
the pathology report. All researchers also assumed that the tumor itself was a sphere
or ellipsoid to allow simple formula calculations. However, breast tumors [59], as well
as BCS specimens [60], could have a very irregular shape. Therefore, both the specimen
volume and tumor volume may not be accurately calculated based on these formulas. More
accurate methods are required for estimating both parameters. Lastly, none of the studies
investigated any parameter indicating how centrally the tumor is located in each specimen,
which would be useful for determining overall surgical accuracy.

In this study, we aim to define and calculate six specimen parameters that would
allow the assessment of surgical accuracy in a patient population more representative of
all BCS patients, while overcoming the aforementioned limitations. It is hypothesized
that these parameters could constitute quantitative and accurate methods for surgical
accuracy assessment, thereby enabling a comparison of novel technologies designed for
intra-operative BCS guidance.

2. Materials and Methods

2.1. Patient Selection

In this retrospective study, 100 patients from the N19BOR study cohort were selected.
The N19BOR study is a prospective, non-randomized, cohort study, conducted from 2019
to 2023 at the Netherlands Cancer Institute. For this study, patients who underwent BCS
at the Netherlands Cancer Institute-Antoni van Leeuwenhoek Hospital (NKI-AvL) from
2020 to 2023 due to invasive carcinoma (IC) and/or ductal carcinoma in situ (DCIS) were
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included. The study protocol was approved by the Institutional Review Board (IRBm 20-
077). According to the medical research involving human subjects act, no written consent
was required. The inclusion was not consecutive, as patients with a radiologic complete
response (rCR) after NST were excluded as well as patients with an oncoplastic breast
reduction. The patients that were selected from the N19BOR cohort for this particular study
were 100 patients with a similar distribution of pathological diagnoses and neoadjuvant
therapy to all BCS patients who underwent breast-conserving surgery at the NKI in the
year 2021.

2.2. Pathology Processing

Each BCS specimen was processed into hematoxylin and eosin-stained (H&E) sections
according to a standard protocol at the pathology department. According to this protocol,
after receiving a fresh BCS specimen, the resection margins are inked using different colors
on different sides. This allows for orientation during the subsequent macroscopic and
microscopic examination. The inking is also important for determining the actual specimen
surface during microscopic evaluation, which is essential for accurate margin assessment.
Then, the specimen is frozen, after which it is serially sliced at approximately 3 mm intervals
from the side oriented towards the nipple to the peripheral side. The first and last tissue
slices are always processed into cellular thin sections. In addition, the interlaying slices
are processed into cellular thin sections, especially if they contain tumor tissue according
to a macroscopic evaluation by the pathological assistant. Thereafter, the thin sections
are stained for microscopic evaluation. An overview of the pathology processing method
is shown in Figure 1. During the microscopic examination, the margins are evaluated.
According to Dutch guidelines, a positive margin status is defined as IC cells reaching
the inked margin over a trajectory > 4 mm or DCIS cells reaching the inked margin over
any trajectory [61]. In addition, focally positive margins are defined as IC cells reaching
the inked margin over a trajectory ≤ 4 mm) [61]. Otherwise, the margins are considered
negative [61]. On the other hand, according to the guidelines of the Society of Surgical
Oncology (SSO) and the American Society for Radiation Oncology (ASTRO), a margin is
considered tumor-positive when ink touches the invasive carcinoma or when there is DCIS
present within 2 mm from the resection margin [62].
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Figure 1. Overview of the pathology-processing method. In (a), a breast cancer specimen. In (b), the
various resection margins are inked in different colors for orientation purposes according to the
standard protocol. The yellow dashed lines indicate the intervals of slicing, which are approximately
3 mm. The specimen is cut along a plane that is perpendicular to the direction from the side facing
the nipple (left side in photo) towards the peripheral side (right side in photo). The black crosses
signify slices of which no H&E sections are made, in this case, the 2nd and 5th slices from the left
side. In (c), a macro photo of the tissue slices, which are numbered 1 to 12 from left to right. In (d)
H&E sections of the tissue slices. These sections are made by embedding the tissue slices in paraffin,
after which they are cut into cellular thin sections of 0.003 mm by a microtome. The red annotations
are locations with tumor tissue annotated by an experienced pathologist.

2.3. Calculation of Tissue Areas and Tumor-Margin Distances

All calculations were based on the digitized, pathological H&E sections of specimens.
An experienced pathologist annotated all tumor areas of IC and DCIS in the H&E images.
For the calculations, it was assumed that all tissue slices of which the H&E sections origi-
nated had approximately the same thickness and same tissue composition over the entire
slice thickness. Furthermore, it was assumed that any interlaying section of a specimen that
was not processed into an H&E section based on macroscopic evaluation only contained
healthy breast tissue. All data analyses were performed using MATLAB (2022a, MathWorks
Inc., Natick, MA, USA).

The resection ratio (RR) of a specimen was defined as the specimen volume divided by
the tumor volume. First, we calculated the total resected tissue surface area (Atissue) and the
total tumor surface area (Atumor) for each specimen. Since all slices were assumed to have
an equal thickness, calculating specimen volume or tumor volume would mean multiplying
both areas by the same thickness factor. This step was redundant since we calculated the
ratio of specimen volume to tumor volume afterwards. Therefore, the RR of a specimen was
calculated by dividing the total Atissue by the total Atumor over all slices. In order to calculate
Atissue, each H&E section was segmented, and the area (number of pixels) was computed
using the “Area of Object” function (bwarea) in MATLAB. The Atissue of interlaying slices
that were not processed into H&E sections were calculated by interpolating the computed
Atissue of the adjacent tissue sections. The Atumor was calculated by segmenting the tumor
areas annotated by the pathologist in each H&E image, with subsequent similar use of the
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bwarea function. The total Atissue and Atumor for the entire specimen were obtained by the
summation of individual values calculated over all slices.

Furthermore, the maximum tumor–margin distance (TMDmax) and minimum tumor–
margin distance (TMDmin) in mm were measured. If an H&E section contained multiple
areas of DCIS and/or invasive carcinoma, the area of the convex envelope enclosing all
tumor areas was calculated using the bwconvhull function in MATLAB. Figure 2 illustrates
the method for calculating the Atumor and TMDmax and TMDmin in an H&E slice with one
tumor area (a–c) and an H&E slice with multiple tumor areas (d–f).

a)

Healthy tissue 
surface area 

= 72%

Tumor tissue 
surface area 

= 28%

Maximum TMD
= 11.5 mm

Minimum TMD
= 0.86 mm

5 mm

c)
5 mm

Healthy tissue 
surface area 

= 84%

Tumor tissue 
surface area 

= 16%

d) e) f )

Maximum TMD
= 15.3 mm

Minimum TMD
= 0.0 mm

5 mm5 mm

b)

Figure 2. Method for calculating the Atumor in two H&E examples. (a) An H&E slice with one
annotated IC area (red), (b) the segmented Atumor (red) and healthy tissue area (green), (c) TMDmax

and TMDmin (black lines). (d) An H&E slice with one IC area (red) and multiple DCIS areas (orange).
(e) The segmented Atumor (red), which is the convex envelope around the separate tumor areas.
(f) The TMDmax and TMDmin of the convex envelope.

2.4. Resection Ratio Parameters

The four resection ratio parameters that were calculated were (1) the median resection
ratio (RR), (2) the median close RR (RRClose), (3) the median wide RR (RRWide), and (4) the
median planned RR (RRPlanned). The RRClose was defined as the Atissue divided by the
Atumor with an added 1.0 mm margin of healthy tissue. In order to calculate the Atumor
with the added margin, the entire tumor boundary in each H&E image was extended
1.0 mm in an outward direction using the Mask dilation function in MATLAB (imdilate).
The RRWide was defined as the Atissue divided by the Atumor with an added 2.0 mm margin
of healthy tissue, and the RRPlanned was defined as the Atissue divided by the Atumor with an
added 10 mm margin of healthy tissue. The RRClose, RRWide, and RRPlanned are illustrated
in Figure 3.
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Figure 3. A schematic overview of a BCS specimen with tumor tissue (red) surrounded by healthy
tissue (green), and three different margin widths for different optimal resection volumes. These
include RRClose (blue dashed line), RRWide (purple dashed line), and RRPlanned (yellow dashed line).

2.5. Tumor Eccentricity and Relative Tumor Eccentricity

The tumor eccentricity in each section was defined as TMDmax − TMDmin in mm.
This was determined for each H&E section of a BCS specimen and averaged. In an ideal
excision, the tumor is centrally located in the specimen, and the tumor eccentricity would
be close to zero mm. A higher tumor eccentricity means that the tumor is located further
from the center of the specimen, as the maximum distance from the margin to the tumor is
higher compared to the minimum distance to the tumor. However, if two specimens with
different tumor diameters have an equal tumor eccentricity, the tumor with the smaller
diameter will be more eccentrically located in the specimen compared to the larger tumor.
Therefore, in order to compare tumor eccentricity between specimens with different lesion
diameters, the relative tumor eccentricity was determined. This is defined as the tumor
eccentricity divided by the pathological tumor diameter.

2.6. Statistical Analyses

All resection ratio parameters were compared among patient subgroups with different
pathological diagnoses, with or without NST, and with different margin statuses. Wilcoxon
rank sum tests were performed to test for significant differences between the median of the
respective groups.

3. Results

3.1. Patient and Tumor Characteristics

The median patient age was 56 years (SD = 12.9) (Table 1). In total, 100 specimens were
analyzed: 43 patients underwent primary surgery, 47 patients had received neoadjuvant
chemotherapy (NACT) before surgery, and 10 patients had received neoadjuvant hormonal
therapy (NAHT) before surgery (Table 1). The median lesion diameter was 15 mm (range
3 mm–70 mm) (Table 1). Histopathological examination of the specimens showed pure
DCIS in 11 patients, IC NST in 41 patients, IC NST combined with DCIS in 37 patients, and
ILC in 11 patients (Table 1). Regarding the margin status, according to Dutch guidelines,
15 patients had a positive margin status (Table 1), 10 of whom had positive margins due
to IC cells and 5 patients had positive margins due to DCIS cells. In total, 7 patients had
focally positive margins, and 78 patients had negative margins (Table 1). When considering
the SSO-ASTRO definitions, 45 patients had positive margins, 17 of whom had positive
margins due to invasive carcinoma cells in the resection margins, while 28 patients had
DCIS present within 2 mm from the margin. It is important to mention again that all
patients with a complete radiologic response were excluded in this patient population.
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Table 1. Patient and tumor characteristics.

Characteristic N = 100

Age (years) (median, SD) 56 (12.9)

Pathological lesion size at pathological evaluation (mm) (median, min, max) 15 (3, 70)

Specimen weight (gram) (median, SD) 18 (17)

Histological tumor type at pathological evaluation

DCIS 11

IC NST 41

IC NST + DCIS 37

ILC 11

T-stage

pTis 11

pT1a 11

pT1b 22

pT1c 39

pT2 14

pT3 3

Histological tumor grade at pathological evaluation

1 19

2 46

3 35

Hormonal receptor and HER2 status

ER+/PR+ HER2− 49

ER+/PR+ HER2+ 36

ER−/PR− HER2+ 3

TN 12

Neoadjuvant treatment

Chemotherapy 8

Chemotherapy and immunotherapy 39

Endocrine therapy 10

None 43

Margin status *

Negative 78

Focally positive 7

Positive 15
IC NST = invasive carcinoma of no special type, DCIS = ductal carcinoma in situ, ILC = invasive lobular carcinoma;
ER = estrogen receptor, PR = progesterone receptor, TN = triple negative, * = according to Dutch guidelines.

3.2. Resection Ratio Parameters

The calculated RR, RRClose, RRWide, and RRPlanned are shown in Figure 4. In this
plot, the median, minimum, maximum, first quartile, and third quartile of the mentioned
resection ratio parameters are displayed. It should be mentioned that the scale of this plot
is logarithmic. The median RR among all patients is 19.16 (IQR 44.36). When the optimal
margin width is defined as 1 mm (RRClose), and 2 mm (RRWide), the median ratio between
the optimal resection volume and tumor volume is 9.94 (IQR 18.09), and 6.06 (IQR 9.69),
respectively. Thus, almost ten times more healthy tissue is resected when considering a
margin of 1 mm, and approximately six times the amount of healthy tissue is resected
considering a safe margin of 2 mm. Furthermore, it is noteworthy to mention that the use
of a surgically feasible margin width of 10 mm causes a median RRPlanned of 1.35 (IQR
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1.78), meaning that on average, 35% of the resected volume consists of excessively resected
healthy tissue in this patient population. The RRPlanned ranges from 0.45 to 24.23. Overall,
the ranges of all specimen parameters are quite large with multiple outliers.

RR Close margin RR Wide margin RR Planned RR

100

101

102

103

Figure 4. From left to right (with different colors), the box plots of the RR, RRClose, RRWide, and
RRPlanned, displaying the median, minimum, maximum, first quartile, and third quartile of each
parameter on a logarithmic scale. The small circles represent the outliers.

3.2.1. Different Pathological Diagnoses

Further analysis showed that all median resection ratio parameters were highest for
the patient group with ILC (N = 11), while all median resection ratio parameters were
lowest for the patient group with DCIS (N = 11) (Table 2). Furthermore, the patient group
with IC NST combined with DCIS (N = 37) had higher median resection ratio parameters
with substantially larger IQRs, compared to the patient group with only IC NST (N = 41)
(Table 2). This trend was seen independent of the optimal margin width that was added.
Even when the maximum margin width of 10 mm was used, the median excessive volume
resection in patients with IC NST combined with DCIS was 56%, compared to 29% among
patients with only IC NST (Table 2). However, the sizes of the individual subgroups
were small, and none of the differences between the median resection ratio parameters
of all subgroups were significant at the 5% significance level according to Wilcoxon rank
sum tests.

Table 2. Resection ratio parameters for subgroups with different pathological diagnoses.

RR (IQR) RRClose (IQR) RRWide (IQR) RRPlanned (IQR)

DCIS (N = 11) 17.19 (13.05) 8.86 (3.67) 5.25 (2.07) 1.05 (0.47)

IC NST (N = 41) 19.07 (44.09) 10.71 (16.87) 6.66 (9.51) 1.29 (1.84)

IC NST and DCIS (N = 37) 20.40 (81.97) 11.23 (41.88) 7.27 (23.97) 1.56 (2.84)

ILC (N = 11) 24.81 (30.20) 14.20 (8.81) 9.09 (4.58) 1.69 (0.87)

3.2.2. NST with High Response Compared to NST with Low Response or No NST

The patient group who received NST (N = 57) was divided into a group with high
response to therapy (NSTHR) (N = 33), meaning a residual tumor percentage of < 50%,
and a group with a low response to therapy (NSTLR) (N = 24), meaning a residual tumor
percentage of ≥ 50%. In the high response group, there were 13 patients with IC NST,
18 patients with a combination of IC NST and DCIS, and 2 patients with ILC. In the low
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response group, there were 13 patients with IC NST, 9 patients with IC NST combined
with DCIS, and 2 patients with ILC. The NSTHR group had higher median resection ratio
parameters with substantially larger IQRs; compared to the NSTLR group and the patient
group without NST (N = 43) (Table 3), Wilcoxon rank sum tests indicated a significant
difference (p-value < 0.05) between all parameters of the NSTHR group compared to the
NSTLR group (p-value < 0.05) as well as all parameters of the NSTHR group compared to
the group without NST (p-value < 0.05). All median resection parameters of the patient
group without NST were higher than the NSTLR group, although none of the differences
were statistically significant (Table 3).

Table 3. Resection parameters for the subgroups with NST and the subgroup without NST.

RR (IQR) RRClose (IQR) RRWide (IQR) RRPlanned (IQR)

NSTHR (N = 33) 47.34 (284.46) 21.30 (82.82) 12.96 (39.36) 2.03 (4.43)

NSTLR (N = 24) 10.91 (11.60) 6.91 (4.64) 4.69 (1.82) 1.09 (0.62)

No NST (N = 43) 16.20 (16.12) 8.98 (9.89) 5.51 (5.36) 1.27 (1.17)

3.2.3. Different Margin Status

There were 22 BCS specimens from which one or more H&E sections presented a
TMDmin equal to zero (positive or focally positive margins according to Dutch guidelines)
(Table 4). These specimens had lower median resection ratio parameters compared to the
specimens with negative margins (Table 4). The group of patients with positive margins
consisted of two patients with DCIS, nine patients with IC NST, seven patients with IC
NST combined with DCIS, and four patients with ILC. On the other hand, the patient
group with negative margins consisted of 9 patients with DCIS, 32 patients with IC NST,
30 patients with IC NST combined with DCIS, and 7 patients with ILC. We performed
Wilcoxon rank sum tests to compare the median resection ratios of specimens with a
(focally) positive margin to those of specimens with negative margins, using the different
definitions of optimal margin widths. Except for the median RRPlanned, we did not find any
significant differences (p-value < 0.05) between both groups. It is noteworthy to mention
that even among patients with positive margins, there was an excessive resection of healthy
breast tissue, regardless of the used optimal margin width. Even the median RRPlanned
(surgically feasible margin width of 10 mm) of the specimens with positive margins was
1.16, indicating an average, excessive volume resection of 16% in our study population
(Table 4).

Table 4. Resection ratio parameters for patients with positive margins compared to patients with
negative margins.

RR (IQR) RRClose (IQR) RRWide (IQR) RRPlanned (IQR)

Positive margins (N = 22) a 15.07 (18.36) 7.42 (9.53) 4.44 (4.58) 1.16 (0.84)

Negative margins (N = 78) 20.40 (45.93) 11.23 (24.36) 7.25 (14.12) 1.37 (1.70)
a Positive margins are defined as focally positive margins, and more than focally positive margins.

3.3. Tumor Eccentricity

Figure 5a shows that the tumor eccentricity among the entire patient group ranged
between 4.12 mm and 28.00 mm. The median eccentricity of all patients was 11.29 mm
(SD = 3.99), meaning that on average, the TMDmax − TMDmin was 11.29 mm.
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Figure 5. (a) Frequency of different values of tumor eccentricity among all patients. (b) Relative
tumor eccentricity for different tumor diameters (mm).

The median relative tumor eccentricity was 0.66 (SD = 2.22). When investigating
the relative tumor eccentricity, it was found that a tumor diameter below 10 mm led to
a substantially higher relative eccentricity compared to a tumor diameter greater than
10 mm as can be seen in Figure 5b. The median tumor diameter of the patients with a
TMDmin of zero was 15.0 mm, and 15.5 mm for the patients with negative margins. The
median tumor eccentricity among the patients with positive margins was slightly higher
(13.4 mm, SD = 3.97), compared to the patients with negative margins (10.3 mm, SD = 3.98).
Furthermore, the median relative tumor eccentricity among the patients with positive
margins was also slightly higher (0.68, SD = 0.79), compared to the patients with negative
margins (0.64, SD = 2.47). Both differences were not statistically significant.
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4. Discussion

The current focus on innovative technologies for intra-operative guidance in the field
of breast cancer surgery is on improving surgical accuracy in order to obtain complete tumor
resection as well as limited resection of healthy breast tissue [46]. Objective parameters
to measure the outcome of such technologies with regard to surgical accuracy are limited.
Only a few studies report on the specimen volume in relation to the tumor volume, which
is a key determinant of the cosmetic outcome and a valuable measure to evaluate surgical
accuracy. In general, these studies have some inherent limitations to their study method,
which causes the reported results to be less accurate and less representative of the entire
BCS patient population.

In this study, we aimed to define and evaluate several specimen parameters that
would allow to determine the surgical accuracy of breast-conserving surgeries in a study
population more representative of the entire BCS patient population.

We tested the specimen parameters in a small patient population for our study. The
study results indicate that when using a margin width of 1 mm or 2 mm, on average, 9.94
(IQR 18.09), respectively, 6.06 (IQR 9.69) times the ideal resection volume was excised in
our study population. When using a margin width of 10 mm, on average 1.35 times the
surgically planned resection volume was removed, which comes down to 35% of excessive
tissue volume. All resection ratio parameters have high interquartile ranges, indicating the
large dispersion of the values compared to the median.

When looking at the correlation between margin status and resection ratio parame-
ters, it became evident that all parameters of the specimens with negative margins were
higher than the parameters of specimens with positive margins in our study population.
Nevertheless, all RR parameters among patients with positive margins were higher than
1.0. When using an optimal margin width of 10 mm, there was a median excessive volume
resection of 16% among the patients with positive margins. The median relative tumor
eccentricity among the patients with positive margins was slightly higher (0.68), compared
to the patients with negative margins (0.64), although not significantly different. Overall,
there was a small difference in resection ratio parameters and (relative) tumor eccentric-
ity between patients with a positive margin status compared to patients with a negative
margin status.

Another finding was that on average the excessive tissue removal was the highest
for the patient group with ILC or ILC combined with LCIS. A possible explanation for
this occurrence is that ILC is associated with a higher likelihood of multifocal disease
and a higher positive margin rate [63,64], which might cause breast surgeons to excise a
larger margin of healthy tissue with the idea of preventing positive margins. On the other
hand, all resection ratio parameters were lowest for the patient group with only DCIS. This
could be explained by three different causes. First, DCIS lesions often occur as multiple
islets with various sizes and distances from each other. Since the Atumor in these H&E
sections is calculated as a convex envelope enclosing all tumor areas, the interlaying healthy
tissue is also part of the ’Atumor’ since these cannot be resected separately. Therefore, the
resection ratio parameters become smaller. Second, since multiple biopsies are performed
to diagnose DCIS, part of the lesions are already removed through the biopsy needles
before surgery, which could cause surgeons to resect a smaller volume. In our data set,
the median diameter of the DCIS lesions was 13 mm, while the median diameter of the
IC lesions was 19 mm. Lastly, the number of DCIS patients in our study population is
limited to 10 patients. Another important study result is that the patient group with IC
NST combined with DCIS (N = 37) had larger resection ratio parameters compared to the
patients with only IC NST. This could be explained by the fact that in 15 of the 37 patient
cases, the breast surgeon was aware of the combined lesion before the surgery due to
the biopsy results beforehand. This could have caused a larger planned excision volume
than the usually planned surgical margin of 10 mm. As earlier mentioned, there were no
statistically significant differences between the median resection ratio parameters of the
subgroups with different pathological diagnoses.
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Furthermore, we found that the patient group with NST with a high response had
significantly higher resection ratio parameters compared to the group with a low response
to NST (p-value < 0.05), respectively, the group without NST (p-value < 0.05). One possible
explanation for this discrepancy might be that the residual tumor diameter visible on medi-
cal imaging after NST is frequently an overestimation of the actual residual pathological
tumor diameter, which causes surgeons to overestimate the tumor size when planning the
surgery. Another possible explanation is that in many cases, there is a certain time period
between the last medical image of the lesion before surgery and the surgery itself, during
which the NST causes continued shrinkage of the tumor.

Lastly, we found a median tumor eccentricity of 11.29 mm (SD = 3.99) in our study
population. In addition, we found that a lower tumor diameter leads to a higher relative
tumor eccentricity compared to a higher tumor diameter, especially when the tumor
diameter is below 10 mm.

It should be mentioned that there are many factors that could influence these specimen
parameters, including the pathological diagnosis (and a priori knowledge), type of NST,
tumor response to NST, experience level of the surgeons, etc. Therefore, when these speci-
men parameters are used to determine surgical accuracy of novel localization techniques, a
large patient population should be evaluated.

There are several limitations to this study that need to be acknowledged. First, some
of the included BCS specimens had one or more sections that were not processed into H&E
sections. It was assumed that none of these sections contained tumorous tissue, while in
actuality, this might not have been the case. However, we expect that the unprocessed
sections that did contain tumor tissue would have had very small volumes of tumor
tissue since they were not detected during the macroscopic evaluation by experienced
pathological assistants. An additional limitation was that each tissue slice was assumed to
be approximately 3 mm thick and did not change in composition in depth, while in actuality,
these assumptions may not be true. We consider the impact of these potential errors on the
calculations to be minimal, and, therefore, the calculated specimen parameters are still a
good representation of the actual values. Another limitation is that during pathological
processing, there could be a difference in the level of tissue shrinkage of healthy, mostly
fatty, breast tissue between the tumor edge and the margin, compared to the more dense
tumor area beneath it. This could have an influence on all calculated specimen parameters.

5. Conclusions

In conclusion, the novel contributions of this study are as follows:
Firstly, we defined and evaluated six specimen parameters in a data set of 100 BCS

patients, representative of the entire patient population, including patients with different
patient, tumor, and neoadjuvant treatment characteristics.

Secondly, we developed accurate calculation methods for these specimen parameters,
based on actual pathological dimensions of BCS specimens.

We found that when using a margin width of 1 mm or 2 mm, on average, 9.94 (IQR
18.1) and 6.06 (IQR 9.69) times the ideal and clinically feasible resection volume was
excised in our patient population, respectively. When using a surgically feasible margin
width of 10 mm, 35% of the median specimen volume consisted of excessive healthy
tissue. Additionally, the median tumor eccentricity was 11.29 mm (SD = 3.99), and the
median relative tumor eccentricity was 0.66 (SD = 2.22). The relative tumor eccentricity
was substantially higher for patients with a tumor diameter below 10 mm.

Thirdly, we performed subgroup analyses to determine significant differences in these
specimen parameters between patients with different pathological diagnoses, with or
without NST, and with different margin statuses.

We found that among patients with positive margins, on average, 16% of the excised
volume consisted of excessive healthy tissue. Moreover, the patient subgroup with a
high response to NST had a significantly higher resected volume of healthy breast tissue
compared to patients without NST or patients with a low response to NST (p-value < 0.05).
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These study results show that the defined specimen parameters in this study could be
used to compare the surgical accuracy between different technologies for intra-operative
BCS guidance in a novel manner. These parameters could be quantitative and accurate
methods for assessing surgical accuracy compared to other parameters such as positive
margin rate, secondary surgery rate, or volume/weight of resected tissue. Therefore, they
could also be used to evaluate the learning curve of surgeons when using novel surgical
guidance techniques.
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quality of life are inextricably linked in breast-conserving therapy. J. Surg. Oncol. 2017, 115, 941–948. [CrossRef]

23. Al-Ghazal, S.K.; Fallowfield, L.; Blamey, R. Does cosmetic outcome from treatment of primary breast cancer influence psychosocial
morbidity? Eur. J. Surg. Oncol. 1999, 25, 571–573. [CrossRef]

24. Cochrane, R.; Valasiadou, P.; Wilson, A.; Al-Ghazal, S.; Macmillan, R. Cosmesis and satisfaction after breast-conserving surgery
correlates with the percentage of breast volume excised. J. Br. Surg. 2003, 90, 1505–1509. [CrossRef] [PubMed]

25. Taylor, M.E.; Perez, C.A.; Halverson, K.J.; Kuske, R.R.; Philpott, G.W.; Garcia, D.M.; Mortimer, J.E.; Myerson, R.J.; Radford, D.;
Rush, C. Factors influencing cosmetic results after conservation therapy for breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 1995,
31, 753–764. [CrossRef]

26. Vrieling, C.; Collette, L.; Fourquet, A.; Hoogenraad, W.J.; Horiot, J.C.; Jager, J.J.; Pierart, M.; Poortmans, P.M.; Struikmans, H.;
Maat, B.; et al. The influence of patient, tumor and treatment factors on the cosmetic results after breast-conserving therapy in the
EORTC ‘boost vs. no boost’trial. Radiother. Oncol. 2000, 55, 219–232. [CrossRef] [PubMed]

27. Hashem, T.; Morsi, A.; Farahat, A.; Zaghloul, T.; Hamed, A. Correlation of specimen/breast volume ratio to cosmetic outcome
after breast conserving surgery. Indian J. Surg. Oncol. 2019, 10, 668–672. [CrossRef] [PubMed]

28. Gera, R.; Tayeh, S.; Al-Reefy, S.; Mokbel, K. Evolving role of magseed in wireless localization of breast lesions: Systematic review
and pooled analysis of 1559 procedures. Anticancer Res. 2020, 40, 1809–1815. [CrossRef]

29. Dave, R.V.; Barrett, E.; Morgan, J.; Chandarana, M.; Elgammal, S.; Barnes, N.; Sami, A.; Masudi, T.; Down, S.; Holcombe, C.; et al.
Wire-and magnetic-seed-guided localization of impalpable breast lesions: IBRA-NET localisation study. Br. J. Surg. 2022,
109, 274–282. [CrossRef]

30. D’Angelo, A.; Trombadori, C.M.L.; Caprini, F.; Lo Cicero, S.; Longo, V.; Ferrara, F.; Palma, S.; Conti, M.; Franco, A.;
Scardina, L.; et al. Efficacy and Accuracy of Using Magnetic Seed for Preoperative Non-Palpable Breast Lesions Localization:
Our Experience with Magseed. Curr. Oncol. 2022, 29, 8468–8474. [CrossRef]

31. Zacharioudakis, K.; Down, S.; Bholah, Z.; Lee, S.; Khan, T.; Maxwell, A.J.; Howe, M.; Harvey, J. Is the future magnetic? Magseed
localisation for non palpable breast cancer. A multi-centre non randomised control study. Eur. J. Surg. Oncol. 2019, 45, 2016–2021.
[CrossRef]

32. Struik, G.M.; Schermers, B.; Mares, I.; Lont, H.E.; Bradshaw, J.W.; Ten Haken, B.; Ruers, T.J.; Mourik, J.E.; Birnie, E.; Klem, T.M.
Randomized controlled trial comparing magnetic marker localization (MaMaLoc) with wire-guided localization in the treatment
of early-stage breast cancer. Breast J. 2021, 27, 638–650. [CrossRef]

33. Clement, C.; Heeren, A.; den Hoed, I.; Jansen, P.; Venmans, A. First experience with Sirius Pintuition®-A novel magnetic
localization system for breast cancer surgery. Eur. J. Surg. Oncol. 2022, 48, e70. [CrossRef]

34. Look Hong, N.; Wright, F.C.; Semple, M.; Nicolae, A.M.; Ravi, A. Results of a phase I, non-randomized study evaluating a
Magnetic Occult Lesion Localization Instrument (MOLLI) for excision of non-palpable breast lesions. Breast Cancer Res. Treat.
2020, 179, 671–676. [CrossRef] [PubMed]

35. Kurita, T.; Taruno, K.; Nakamura, S.; Takei, H.; Enokido, K.; Kuwayama, T.; Kanada, Y.; Akashi-Tanaka, S.; Matsuyanagi, M.;
Hankyo, M.; et al. Magnetically guided localization using a Guiding-Marker System® and a handheld magnetic probe for
nonpalpable breast lesions: A multicenter feasibility study in Japan. Cancers 2021, 13, 2923. [CrossRef] [PubMed]

http://dx.doi.org/10.1046/j.1365-2168.1999.01078.x
http://dx.doi.org/10.1007/s00259-002-0936-9
http://dx.doi.org/10.1016/j.breast.2010.01.017
http://www.ncbi.nlm.nih.gov/pubmed/20163961
http://dx.doi.org/10.1002/jso.21143
http://www.ncbi.nlm.nih.gov/pubmed/18767074
http://dx.doi.org/10.1016/S0039-6109(03)00070-7
http://dx.doi.org/10.1016/j.breast.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28273552
http://dx.doi.org/10.1007/BF02574517
http://dx.doi.org/10.1186/s12885-018-4368-8
http://dx.doi.org/10.1097/00000637-199811000-00004
http://dx.doi.org/10.1016/0167-8140(92)90261-R
http://dx.doi.org/10.1200/JCO.2007.13.1375
http://www.ncbi.nlm.nih.gov/pubmed/18612149
http://dx.doi.org/10.1002/jso.24615
http://dx.doi.org/10.1053/ejso.1999.0708
http://dx.doi.org/10.1002/bjs.4344
http://www.ncbi.nlm.nih.gov/pubmed/14648728
http://dx.doi.org/10.1016/0360-3016(94)00480-3
http://dx.doi.org/10.1016/S0167-8140(00)00210-3
http://www.ncbi.nlm.nih.gov/pubmed/10869738
http://dx.doi.org/10.1007/s13193-019-00973-y
http://www.ncbi.nlm.nih.gov/pubmed/31857762
http://dx.doi.org/10.21873/anticanres.14135
http://dx.doi.org/10.1093/bjs/znab443
http://dx.doi.org/10.3390/curroncol29110667
http://dx.doi.org/10.1016/j.ejso.2019.06.035
http://dx.doi.org/10.1111/tbj.14262
http://dx.doi.org/10.1016/j.ejso.2021.12.066
http://dx.doi.org/10.1007/s10549-019-05499-z
http://www.ncbi.nlm.nih.gov/pubmed/31754951
http://dx.doi.org/10.3390/cancers13122923
http://www.ncbi.nlm.nih.gov/pubmed/34208090


Cancers 2024, 16, 1813 16 of 17

36. Cox, C.E.; Russell, S.; Prowler, V.; Carter, E.; Beard, A.; Mehindru, A.; Blumencranz, P.; Allen, K.; Portillo, M.; Whitworth, P.; et al.
A prospective, single arm, multi-site, clinical evaluation of a nonradioactive surgical guidance technology for the location of
nonpalpable breast lesions during excision. Ann. Surg. Oncol. 2016, 23, 3168–3174. [CrossRef]

37. Tayeh, S.; Muktar, S.; Heeney, J.; Michell, M.J.; Perry, N.; Suaris, T.; Evans, D.; Malhotra, A.; Mokbel, K. Reflector-guided
localization of non-palpable breast lesions: The first reported European Evaluation of the SAVI SCOUT® System. Anticancer Res.
2020, 40, 3915–3924. [CrossRef]

38. Falcon, S.; Weinfurtner, R.J.; Mooney, B.; Niell, B.L. SAVI SCOUT® localization of breast lesions as a practical alternative to wires:
Outcomes and suggestions for trouble-shooting. Clin. Imaging 2018, 52, 280–286. [CrossRef]

39. Benoy, I.; Elst, H.; Van der Auwera, I.; Van Laere, S.; Van Dam, P.; Van Marck, E.; Scharpe, S.; Vermeulen, P.; Dirix, L. Real-time
RT–PCR correlates with immunocytochemistry for the detection of disseminated epithelial cells in bone marrow aspirates of
patients with breast cancer. Br. J. Cancer 2004, 91, 1813–1820. [CrossRef]

40. Lamb, L.R.; Gilman, L.; Specht, M.; D’Alessandro, H.A.; Miles, R.C.; Lehman, C.D. Retrospective review of preoperative
radiofrequency tag localization of breast lesions in 848 patients. Am. J. Roentgenol. 2021, 217, 605–612. [CrossRef]

41. Tayeh, S.; Wazir, U.; Mokbel, K. The evolving role of radiofrequency guided localisation in breast surgery: A systematic review.
Cancers 2021, 13, 4996. [CrossRef] [PubMed]

42. Shaughnessy, E.; Vijapura, C.; Reyna, C.; Lewis, J.; Lewis, K.; Lee, S.J.; Sobel, L.; Wahab, R.; Rosen, L.; Brown, A. Exploiting
the advantages of a wireless seed localization system that differentiates between the seeds: Breast cancer resection following
neoadjuvant chemotherapy. Cancer Rep. 2023, 6, e1690. [CrossRef] [PubMed]

43. Svane, G. A stereotaxic technique for preoperative marking of non-palpable breast lesions. Acta Radiologica Diagn. 1983,
24, 145–151. [CrossRef]

44. Arman, A.; Kilicoglu, G.; Guner, H.H.; Celik, L. Marking of nonpalpable breast lesions using a custom carbon suspension. Acta
Radiol. 2001, 42, 599–601. [CrossRef]

45. Ko, K.; Han, B.K.; Jang, K.M.; Choe, Y.H.; Shin, J.H.; Yang, J.H.; Nam, S.J. The value of ultrasound-guided tattooing localization of
nonpalpable breast lesions. Korean J. Radiol. 2007, 8, 295–301. [CrossRef] [PubMed]

46. Banys-Paluchowski, M.; Kühn, T.; Masannat, Y.; Rubio, I.; de Boniface, J.; Ditsch, N.; Karadeniz Cakmak, G.; Karakatsanis, A.;
Dave, R.; Hahn, M.; et al. Localization techniques for non-palpable breast lesions: Current status, knowledge gaps, and rationale
for the MELODY study (EUBREAST-4/iBRA-NET, NCT 05559411). Cancers 2023, 15, 1173. [CrossRef]

47. Civil, Y.A.; Duvivier, K.M.; Perin, P.; Baan, A.H.; van der Velde, S. Optimization of wire-guided technique with bracketing reduces
resection volumes in breast-conserving surgery for early breast cancer. Clin. Breast Cancer 2020, 20, e749–e756. [CrossRef]
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